Antibiotic-resistant bacteria have been observed with increasing frequency over the past decades, driving the search for new drugs and stimulating the interest in natural products sources. Endophytic fungi from medicinal plants represent a great source of novel bioactive compounds useful to pharmaceutical and agronomical purposes. Diaporthe terebinthifolii is an endophytic species isolated from Schinus terebinthifolius, a plant used in popular medicine for several health problems. The strain D. terebinthifolii LGMF907 was previously reported by our group to produce secondary metabolites with biological activity against phytopathogens. Based on these data, strain LGMF907 was chosen for bioprospecting against microorganisms of clinical importance and for characterization of major secondary metabolites. In this study, different culture conditions were evaluated and the biological activity of this strain was expanded. The crude extracts demonstrated high antibacterial activity against Escherichia coli, Micrococcus luteus, Saccharomyces cerevisiae, methicillin-sensitive Staphylococcus aureus, and methicillin-resistant S. aureus. The compounds diaporthin and orthosporin were characterized and also showed activity against the clinical microorganisms evaluated. This study discloses the first isolation of diaporthin and orthosporin from D. terebinthifolii, and revealed the potential of this endophytic fungus to produce secondary metabolites with antimicrobial activity.
Introduction
Fungal endophytes are hyper-diverse and abundant groups that can be found colonizing the tissues of all plants, regardless of their taxonomical affiliation or environmental preferences (Ismaiel et al. 2010) . Throughout centuries, medicinal plants have been used as a source of molecules with therapeutic potential, and until today they represent an important pool for the identification of novel drug leads (Atanasov et al. 2015) . Many of the clinically used drugs derived from natural products (NPs) and are originated from microbial species, and the current push to find new therapeutics to combat antibacterial drug resistance stimulates renewed interest in NP sources for new leads (Silver 2015) . Schinus terebinthifolius Raddi, also known as Brazilian peppertree, rose pepper, or Baroeira-da-praia,^is used in folk medicine to combat diseases of the urogenital system and has antipyretic, analgesic, depurative, antimicrobial, anti-inflammatory, and antiulcerogenic activities (Carvalho et al. 2013 ).
Due to their ability to produce biologically active compounds, endophytes from medicinal plants are becoming more interesting to be explored (Alvin et al. 2014) . Several new natural products useful for medicine purposes have been discovered from researches on fungal endophytes, and several recent reviews highlight their importance for bioprospecting (Aly et al. 2011) .
Our research group has particular interest to explore endophytes with biotechnological potential. In this context, a previous study of endophytes from medicinal plants, Diaporthe terebinthifolii LGMF907 was isolated from S. terebinthifolius and described as a new species (Gomes et al. 2013) . Strain LGMF907 showed the ability to produce secondary metabolites with biological activity against Phyllosticta citricarpa, the causal agent of citrus black spot (Santos et al. 2016) , suggesting the possibility of this strain to produce secondary metabolites against other microorganisms. The genus Diaporthe comprises a widely studied group of fungi for its ability to generate metabolites for several applications (Flores et al. 2013) . Since the existence of an ever increasing range of infections, due the antimicrobial resistance, it requires action across all government sectors and society (WHO 2017) , and endophytes can be a promising strategy to find active compounds.
Pathogenic Escherichia coli is well known to be associated with gastrointestinal illness and diarrhea in humans (Torres et al. 2005) , whereas the gram-positive organism Micrococcus luteus is recognized as an opportunistic pathogen and implicated in many human health problems (Yang et al. 2001) , as well as Saccharomyces cerevisiae, that has recently been related to a wide variety of infections, which range from vaginitis to bloodstream infections and infections of essential organs in immunocompromised and critically ill patients (Pérez-Torrado and Querol 2015) . Staphylococcus aureus is a major pathogen responsible for not only severe infections of the skin and skin structures but also for lifethreatening diseases such as pneumonia, endocarditis, and bacteremia. From 1999 to 2005, the number of admissions to hospital due to MRSA infections increased by 119% in the USA (Abdelmajid et al. 2016) , and these pathogens remain problematic because it is associated not only with growing antimicrobial resistance but also with high rates of hospitalization and mortality and a heavy burden of associated costs (Abdelmajid et al. 2016) .
In order to access and expand the knowledge about the biological activity of strain D. terebinthifolii LGMF907 against the clinically important microorganisms, extracts originated from the large-scale production and major compounds were evaluated against pathogens associated with hospital infections, E. coli, M. luteus, S. cerevisiae, methicillin-sensitive S. aureus (MSSA), and methicillin-resistant S. aureus (MRSA).
Materials and methods

Fungal culture
The strain D. terebinthifolii LGMF907 was obtained from leaves of S. terebinthifolius Raddi collected in Curitiba, Paraná, Brazil (25°28′31.847″ S, 49°17′5.629″ W). The microorganism is stored in the biological culture collection of the Laboratory of Genetics of Microorganisms (LabGeM) from Federal University of Paraná (http://www.labgem.ufpr.br/). This species was described by Gomes et al. (2013) using multilocus sequence analyses of the rDNA internal transcribed spacer (ITS1, 5.8S, ITS2) region, and partial translation elongation factor 1-alpha (TEF1), beta-tubulin (TUB), histone H3 (HIS), and calmodulin (CAL) genes.
To maximize the metabolite yield, before the large-scale cultivation, we evaluated different nutritional and cultural conditions, and the condition with higher antibacterial activity and the higher extract amount was used for large-scale cultivation. Strain LGMF907 was grown on potato dextrose agar (PDA; IBI Scientific) plates at 28°C for 15-20 days. Using a sterile cork borer, three agar plugs of 10 mm were taken from culture plates and inoculated into an Erlenmeyer flask of 250 mL containing 100 mL of the following media: . Three starting pHs were tested, 5.8, 6.5, and 7.8, and culture flasks were incubated at 28°C using a rotary shaker at 120 rpm, for 10, 15, and 21 days.
Large-scale fermentation and extraction
The large-scale cultivation was performed by inoculation of 24 agar plugs into 2-L Erlenmeyer flasks containing 800 mL of MEB, with a total of 20 L of culture. The flasks were incubated for 10 days, at 28°C, and 120 rpm. The fermentation was filtered over Whatman paper grade 4 and then subjected to extraction with EtOAc (5 V × V). EtOAc was removed under reduced pressure on a rotary evaporator at 40°C, yielding 5.44 g of crude extract. The crude extract yielded 13 homogenous fractions, after initial silica gel column chromatography eluting with a gradient of chloroform and methanol. After purification using HPLC and Sephadex LH-20 of the major fractions, afforded compounds 1 (2.0 mg) and 2 (2.3 mg) were obtained in pure forms as pale-yellow solids (Supplementary file, Fig. S1 ). The remaining fractions and subfractions were excluded due to the limited quantities.
HPLC-UV analyses were performed on a Waters 2487 HPLC system, equipped with a photodiode diode array detector, using a reversed phase C18 column (10 × 250 mm, 5 μm; Waters, USA). For elution, a gradient of water and acetonitrile (solvent A, H 2 O; solvent B, acetonitrile; flow rate 3.0 mL/min; 0-7 min 90% A and 10% B, 7-20 min 70% A and 30% B, 20-30 min 40% A and 60% B, 30-40 min 25% A and 75% B, 40-45 min 0% A and 100% B, 45-46 min 90% A and 10% B) was used with injection volume 1.0 mL and a flow rate of 3.0 mL/min. The injection volume was 1.0 mL and flow rate was 3.0 mL/min. Peaks were monitored at 254 and 340 nm wavelengths, respectively. Size exclusion chromatography was performed on a Sephadex LH-20 (25-100 μm; GE Healthcare, Piscataway, NJ). HR-MS analyses were recorded on an Amershan Biosystem ABSciex 4000 QTrap MS system. NMR data were acquired on the Agilent DD2 500 and DD2 600 NMR spectrometers, operating at 11.7 and 14.1 Tesla, observing 1 H and 13 C at 500 and 600 and 125 and 150 MHz, respectively. The spectrometer was equipped with a 5-mm multinuclear direct detection probe with z-gradient.
Antibacterial tests
Preliminarily antimicrobial assay was carried out with the gram-negative bacteria E. coli NRRL B-3708, gram-positive bacteria M. luteus ATCC 9341, and the yeast S. cerevisiae ATCC 204508 to test the activity of the crude extracts and selection of the best culture conditions. The bioactivity of isolated compounds was evaluated against the previously mentioned strains and methicillin-sensitive S. aureus (MSSA) ATCC 25923 and methicillin-resistant S. aureus (MRSA) ATCC 33591.
An adapted disk diffusion essay protocol was used, standardized by the National Committee for Clinical Laboratory Standards (NCCLS) and followed by the Brazilian Health Surveillance Agency (ANVISA) (NCCLS 2003) . Microorganisms were maintained in LB agar. Thus, one colony of each organism was inoculated into a 10-mL culture of LB broth and incubated in a 37°C orbital shaker at 200 rpm for 15 h. Using a cotton swab, each test bacterium (10 8 CFU/ mL) was spread homogenously on the surface of a sterile 90 mm polystyrene plate containing Mueller-Hinton agar (CRITERION™; Hardy Diagnostics). Sterile paper disks (6 mm diameter) were placed on the plates and loaded with 100 μg amount of each crude extract or compound dissolved in methanol. The plates were incubated at 37°C for 24 h. Antibiotics ampicillin (100 μg/mL) and oxacillin (100 and 600 μg/mL) were used as positive controls, and methanol and saline solutions were used as negative controls. The experiment was carried out in triplicate with the inhibition zones measured in millimeters, and statistical parameters (normality test, ANOVA, and Tukey test) were calculated using R software (Redwan et al. 2016) .
Results
Antibacterial activity of extracts produced in different culturing conditions
All media evaluated were able to stimulate the production of active secondary metabolites by LGMF907 strain. Considering the antibacterial activity involving the three clinical pathogens, the cultivation using MEB medium (malt extract and peptone as carbon and nitrogen sources) resulted in the best biological activity (Fig. 1) . Based on these data, MEB medium pH 5.8 as initial condition and 10 days as fermentation period (Fig. 1) were selected for the large-scale cultivation.
Isolation and structure elucidation of the compounds
From 20 L of cultivation, we obtained 5.44 g of crude extract. After several chromatography techniques, compounds 1 and 2 were obtained in pure forms, 2.0 mg (retention time 23.8 min) and 2.3 mg (retention time 18.8 min), respectively. Compound 1 has a mass of 273.0739 and compound 2 has a mass of 237.0763, with molecular forms C 12 H 14 O 5 and C 15 H 12 O 5 , respectively. According to the MS and NMR data and a substructure search in AntiBase (Laatsch 2012) , compound 1 was identified as diaporthin, an isocoumarin with a 2-hydroxypropyl side chain, whereas compound 2 turned out to be its analogue de-O-methyldiaporthin, also known as orthosporin (Fig. 2) (Lee et al. 2006 ).
Antibacterial activity of isolated compounds
The antibacterial activity of crude extract and isolated compounds were evaluated against the bacteria E. coli, M. luteus, MSSA and MRSA, and the yeast S. cerevisiae. The crude extract presented high antimicrobial activity against MSSA and MRSA (Table 1) , however, with lower values of inhibition zones comparing with the positive control, oxacillin (100 and 600 μg/mL). Diaporthin presented equivalent activity to the crude extract against E. coli and superior activity against M. luteus and the yeast S. cerevisiae (Table 1) . However, the activity of secondary metabolites from LGMF907 against methicillin-sensitive and methicillin-resistant S. aureus was lower than the crude extract, which suggests a synergism of these compounds with other compounds present in lower amount (Table 1) .
Discussion
In 2016, Santos et al. reported that the new species D. terebinthifolli LGMF907 had the ability to colonize citrus plants and the crude extracts produced by this endophytic fungus showed inhibition of mycelial growth and pycnidia formation of the phytopathogen P. citricarpa. Based on these data, we decided that it could be valuable to expand the studies about biological activity of strain LGMF907 against human pathogens and determine the major compounds produced by D. terebinthifolli.
In order to select the best culture conditions to produce active metabolites, the culture media were evaluated and the relevant result was observed using MEB medium, 10 days of culture, pH 5.8, using 120 rpm, at 28°C. The lower activity when different sources of carbon and nitrogen than malt extract and peptone were used suggests a secondary metabolism depending on culture conditions (Tonial et al. 2016) , and that growth conditions may limit the production of antimicrobials by the organisms of this species. Fungi have a specific response to different growing environments that affects the biosynthesis of active secondary metabolites. Environmental changes can alter the chemical and biological profiles leading to metabolite diversification and, consequently, to novel pharmacological applications (Bracarense and Takahashi 2014; Ismaiel et al. 2010) .
The isolated isocoumarin compound diaporthin (1) was firstly isolated from Endothia parasitica (Boller et al. 1957) and reported as phytotoxin from Cryphonectria parasitica (Sparapano et al. 1989 ). The first report of orthosporin (2) was from the plant pathogenic fungus Drechslera siccans (Hallock et al. 1988) . Isocoumarin derivatives are abundant in the fungal genera Penicillium, Ceratocystis, Fusarium, Artemisia, Aspergillus, Cladosporium, Oospora, and Hydrangea (Saeed 2016) . In addition, both diaporthin and orthosporin were co-isolated from Daldinia concentrica, Aspergillus ochraceus (Miller et al. 2012; Huang et al. 2015) , and in a hypovirulent strain of Cryphonectria parasitica (Arnone et al. 2002) , and have their absolute optical rotary power and absolute configuration already described in the literature (Supplementary file, Fig. S6 ) (Ichihara et al. 1989; Tang et al. 2017) .
In this study, we showed for the first time the bioactivity of both isocoumarins against gram-positive bacteria, S. aureus and M. luteus, the gram-negative E. coli, and the yeast S. cerevisiae. Diaporthin presented higher antimicrobial activity than orthosporin. Our data are supported by previous studies that demonstrated orthosporin correlated with lower activity against Bacillus subtilis 6633 B1, methicillin-resistant Staphylococcus aureus 134/93 R9 (MRSA), vancomycinresistant Enterococcus faecalis 1528 R10 (VRE), and Penicillium notatum JP36 P1 (Barnes et al. 2016) . Compounds diaporthin and orthosporin had activity against the clinical bacteria MSSA and MRSA. However, the crude extract showed higher activity than the isolated compounds, even superior to the antibiotic ampicillin. These data suggest that the activity observed in the extract is possibly due to the isolated compounds diaporthin and orthosporin, in synergism with other compounds that are present in small amounts in the extract (Table 1 and Supplementary file, Table S1 ). The synergism is also supported by the equivalent activity against MRSA and MSSA, produced by crude extract, which may suggest the presence of two different mechanisms of action (Redwan et al. 2016 ). Since diaporthin was described as a phytotoxic compound produced by Sporothrix sp. an endophytic fungus of Kandelia candel (South China Sea, China), showing toxicity to tumor cell line HepG2 (Barrow and McCulloch 2009) , the antimicrobial activity observed can be related with the cytotoxicity of these compounds. Besides the low resistance, E. coli, M. luteus, and S. cerevisiae are associated with a wide range of infections with difficulty in treatment (Torres et al. 2005; Yang et al. 2001; Pérez-Torrado and Querol 2015) . Specially, compounds with broad-spectrum activity have significant importance in the treatment of infection caused by those microorganisms and resistant strains, such as MRSA (Abdelmajid et al. 2016) .
Interestingly, D. terebinthifolli was isolated the first time as an endophyte from S. terebinthifolius; however, in the culture conditions evaluated, this species produced two phytotoxic compounds as major metabolites. According to Strange (2007) , plant pathogens produce phytotoxic compounds that are often crucial determinants of plant disease, and these compounds are usually produced in liquid media. An explanation for host survival can be the ability to produce enzymes that inactivate or degrade the toxins (Takken and Joosten 2000) .
In conclusion, this is the first study about the antibacterial activity and characterization of secondary metabolites produced by D. terebinthifolii LGMF907. Two isocoumarins were isolated and diaporthin had considerable higher activity (1) and orthosporin (2) produced by the fungus Diaporthe terebinthifolii LGMF907 Fig. 1 Inhibition zone of crude extracts from strain LGMF907 produced in different media, times, and pH against Saccharomyces cerevisiae (a), Escherichia coli (b), and Micrococcus luteus (c) than the related compound orthosporin. In addition, different from the isolated compounds, the crude extract showed a significant activity against the bacteria methicillin-resistant S. aureus, which suggested the production of other active compounds in small amounts that should be followed up in future studies. Table 1  Inhibition 
